Abstract-Based on superposition of signals in the time domain, we propose a new low-complexity scheme for the reduction of the peak-to-average power ratio (PAPR) in orthogonal frequency division multiplexing (OFDM) systems. The proposed scheme first generates signal candidates by combining an OFDM signal and its cyclically delayed versions with different delays and phases, and then selects the candidate signal with minimum PAPR. It is shown that the complexity of the proposed scheme is significantly lower than that of the selective mapping (SLM) at the cost of some degradation in the bit error rate (BER) performance and, at similar PAPR and coded BER performance, is lower than that of the lowcomplexity SLM proposed recently.
I. INTRODUCTION
O RTHOGONAL frequency division multiplexing (OFDM) has gained huge popularity in broadband wireless access and broadcasting because not only of its immunity to multipath fading but also of its flexibility in resource allocation. Unfortunately, high peak-to-average power ratio (PAPR) characteristics of OFDM signals incur power inefficiency and signal distortion with practical power amplifiers at the transmitter [1] , which keeps the OFDM from becoming more attractive to low-power mobile devices. To reduce the high PAPR of the OFDM, various PAPR reduction schemes including the selective mapping (SLM), partial transmit sequence (PTS), and nonlinear companding have been proposed and studied extensively in the literature [2] - [11] .
As one of the promising PAPR reduction schemes, the SLM has drawn much attention for its simple principle of generating low PAPR signal candidates by multiplying statistically independent sequences to data symbols in the frequency domain. However, the SLM in essence requires several operations of inverse fast Fourier transform (IFFT) at the transmitter, making its implementation rather infeasible. The schemes in recent studies [6] , [9] , [11] have been devoted to reduce the computational complexity of the SLM; for example, the low-complexity SLM (LC-SLM) [11] is designed to require only two IFFT operations.
In this paper, we address a new low-complexity scheme called the combining of cyclically delayed signals (CCDS), which is implementable with only a single IFFT operation for the reduction of the PAPR in OFDM systems. The CCDS combines an OFDM signal with its cyclically delayed versions in the time domain to produce a low PAPR OFDM signal by appropriately selecting the delay times and phases of the cyclically delayed signals. It will be shown that the CCDS possesses (asymptotically) half the complexity of the LC-SLM at similar PAPR and coded bit error rate (BER) performance, and significantly lower complexity than the SLM, at the cost of a slight increase in the PAPR (within 0.2 dB or so) and an SNR loss (about 1 to 2 dB) in the BER performance.
The rest of this paper is organized as follows: Section II reviews the conventional schemes of the SLM and LC-SLM; the signal generation and detection in the CCDS are described in Section III with complexity analysis; to choose the parameters used in the signal generation appropriately, correlation characteristics of the CCDS is addressed in Section IV; and the distribution of the PAPR and coded BER performance are investigated in Section V, followed by conclusions in Section VI.
II. CONVENTIONAL SCHEMES
The baseband-equivalent OFDM signal in the discrete-time domain can be represented as (1) for , where is the number of subcarriers and the data symbol of the th subcarrier is selected from a complex constellation . Let us denote the OFDM signal in the time domain by (2) in a vector form, where
is the symbol vector in the frequency domain. The PAPR of the OFDM signal is then written as (4) where denotes the expectation. The SLM [2] first generates statistically independent vectors (5) 0018-9316/$26.00 © 2010 IEEE for by "multiplying" with scrambling vectors (6) where is the Hadamard product denoting the entry-wise multiplication such that . Then, signal candidates (7) for are obtained via IFFT and the signal with minimum PAPR is selected for transmission. Here, a larger value of the parameter would normally result in a better (lower) PAPR but with higher complexity.
In short, the SLM performs IFFT times to obtain a low PAPR signal from signal candidates. The LC-SLM [11] reduces the computational complexity of the SLM by generating the signal candidates via the time domain superposition of two signal candidates obtained from the SLM. Specifically, the signal candidates in the LC-SLM are obtained as
where is called the linear factor,
denotes the cyclic delay time in the generation of the th candidate, and
denotes the cyclically time shifted (or, delayed) vector of by . Then, from the properties of discrete Fourier series, we have (11) for , where is the scrambling vector of the LC-SLM with the th entry (12) Apparently, the LC-SLM can generate signal candidates with only two IFFT operations.
III. CCDS SCHEME
In this section, we propose a new PAPR reduction scheme for OFDM systems, which is implementable with only a single IFFT operation. The complexity of the proposed scheme is then compared with that of the conventional schemes.
A. Signal Generation
The signal candidates of the proposed scheme are obtained in general as , (13) where is the number of cyclically delayed signals combined linearly and and are the phase rotation factor and delay, respectively, of the th cyclically delayed signal in the construction of the th signal candidate. In (13) , and
for so that complex multiplications are avoided between and in the linear combining. On the analogy of (11), we can express (13) as (15) for , where represents the scrambling vector of the CCDS with the th entry (16) In the CCDS, the average power of signal candidates can be expressed as (17) where and (18) for since ; a detailed derivation of (18) is provided in Appendix. Thus, under the constraint of constant power, a normalization of the signal with should be considered before transmission if the index of the signal with minimum PAPR is not 0.
B. Subclasses of the CCDS
With the signal model (13), we can consider two subclasses: CCDS with delay selection (CCDS-D) and phase selection (CCDS-P), as shown in Fig. 1 .
The CCDS-D, for which the number of combining is and phase rotation factors are all 1 in (13), generates signal candidates by selecting distinct cyclic delays for . The corresponding signal candidates can be expressed as (19) where the set (20) is a predetermined collection of cyclic delays with cardinality . In the CCDS-D, we choose the signal candidate with minimum PAPR for transmission, where (21) Interestingly, the CCDS-D is quite similar to the LC-SLM as it can be seen from (8) and (19).
On the other hand, the CCDS-P, for which the cyclic delays are fixed as so that the delay set (22) is common for any , as shown in Fig. 1(b) , selects the vector (23) of phase rotation factors at each . The corresponding signal candidates can thus be expressed as (24) among which the signal candidate with minimum PAPR is chosen for transmission. Here, to obtain signal candidates, it is required for the parameter to satisfy , where denotes the minimum integer larger than or equal to .
C. Complexity in Signal Generation
As we have observed in the previous section, the CCDS requires only a single IFFT operation while the SLM and LC-SLM require and two IFFT operations, respectively, to generate signal candidates. For the linear combining in time domain, the LC-SLM and CCDS require additional complex additions (CAs); CAs for each of the candidates in (8) for the LC-SLM and CAs for each of the candidates in (13) for the CCDS. Incorporating complex multiplications (CMs) and CAs required for each IFFT operation, we have tabulated the computational complexity of various schemes in Table I . Again, note that for the CCDS-D and for the CCDS-P. Let us now define the computational complexity ratio (CCR) 1 of the CCDS over the LC-SLM as (25) and (26) for complexity comparison in addition and multiplication, respectively. Then, it is easily evaluated from Table I that (27) and (28) Clearly, the multiplication complexity of the CCDS-D is only half that of the LC-SLM and, recollecting in the CCDS-D, the addition complexity of the LC-SLM is only 70% and 79% that of the LC-SLM for the typical values of and , respectively, in the (worst) case of ; note that decreases as increases and that for the OFDM systems [12] , [13] recently developed.
Next, the multiplication complexity of the CCDS-P is also only half that of the LC-SLM. The addition complexity of the CCDS-P may, in some cases (for example, when ), be higher than the LC-SLM. Nonetheless, if we assume that a CA, a CM, and a real multiplication (RM) are equivalent in computational complexity to two real additions (RAs), two RAs plus four RMs, and RAs, respectively, when the bit-width is , the overall CCR of the CCDS over the LC-SLM can be described as (29) Hence, if we choose when and for the (worst) case, the overall CCR is 63% and 76% for the typical values of and 16, respectively; it should also be noted that, as or increases when and are fixed, the overall CCR will decrease to 50% asymptotically.
Similarly, it is straightforward to show that the overall CCR of the CCDS over the SLM is (30) 1 The CCR and the computational complexity reduction ratio (CCRR) used in [11] are related as CCR = 100 0 CCRR. from Table I . Thus, if we choose when and for example, the overall CCR of the CCDS over the SLM is 16% and 10% for and 16, respectively.
D. Signal Detection
Denoting by and the complex fading amplitude and additive white Gaussian noise (AWGN) at the th subcarrier, respectively, the received symbols can be represented in the frequency domain as (31) In (31), , , and for the SLM, LC-SLM, and CCDS, respectively, after the signal candidate with minimum PAPR is selected.
Let us now discuss the issue of estimating since the information should be available at the receiver for coherent demodulation as is clear from (31). One approach is to estimate and separately. The channel frequency response can be estimated using known preambles typically designed to have a low PAPR. 2 The time variation of should be trackable if the preambles are inserted at a period less than the coherence time of the channel, as shown in Fig. 2(a) . On the other hand, the scrambling sequence can be constructed for each OFDM symbol at the receiver with the side information on of bits or with maximum likelihood estimation on as in [14] , if the side information is not available.
Alternatively, we can estimate jointly during the channel estimation process via frequency interpolation using pilot symbols if change slowly over the frequency index . In this approach, pilot symbols should be inserted in every OFDM symbol, as shown in Fig. 2(b) , so that can be estimated for each OFDM symbol since the time interpolation between OFDM symbols is not possible due to the variation of the scrambling sequence . Now, consider Fig. 3 , which shows the scrambling sequence of the SLM, LC-SLM, and CCDS in a one-shot simulation when and ; we have assumed (consequently ) for the CCDS-P. As it is clear from this figure, the SLM has a constant amplitude but abruptly-varying phases, the LC-SLM exhibits a rapid variation in both the amplitude and phase, and the CCDS exhibits rather a slow variation in both. Consequently, the estimation of via frequency interpolation using pilot symbols is more feasible in the CCDS than in the SLM and LC-SLM, adding one more advantage of the CCDS. In passing, we would like to note that the joint estimation of , while relaxing the requirement of side information on or complex maximum likelihood detection of , would incur an increase in pilot overhead. In the meantime, the variation of the amplitude of the LC-SLM and CCDS, as shown in Fig. 3 , would lead to some degradation in the BER performance due to a loss in the information on the subcarriers of small amplitudes; of course, channel coding techniques employed typically in OFDM systems would help diminish the loss by recovering unreliable bits received with small amplitudes with the help of reliable bits received with large amplitudes.
IV. CORRELATION ANALYSIS
The PAPR performance of a scheme will inevitably depend on the joint statistics of the signal candidates used. If the signal candidates tend to be less dependent as in the SLM, the PAPR performance would become better. Yet, the proposed CCDS, as well as the LC-SLM, allows some dependency among the signal candidates to reduce the complexity.
We now analyse the correlation among the signal candidates to predict (at least coarsely) the PAPR performance and provide some criteria of the choice of parameters for the CCDS. In the following, we consider the (cross) correlation between the th time sample of the th signal candidate and the th time sample of the th signal candidate, where . In the CCDS-D, the correlation can be obtained as 
Clearly, the correlation (34) in the LC-SLM exhibits smaller number of points with nonzero correlation than the correlation (32) in the CCDS-D; this is because, in generating signal candidates, the LC-SLM utilizes two independent sequences while the CCDS-D utilizes only one sequence for lower complexity. From (32) and (34), it is possible to anticipate that the CCDS-D would exhibit a slightly higher PAPR than the LC-SLM.
In analogy, we can obtain the correlation
in the CCDS-P, which is nonzero when , , and for , . When , we have specifically
which does not depend on ; on the other hand, if , depends generally on . To gain a better insight on the effect of on the correlation characteristics in the CCDS-P, let be the set of all possible delays and positive delay differences when a delay set is employed; specifically, we have , where . The number of elements in ranges from to ; is for an equally-spaced delay set with the spacing equal to and is for a delay set with no common delay difference and . For example, leads to with while leads to with . Now, if a delay set for which is employed, we have the nonzero correlation values (37) for ,
for , and
for , , leading to . On the other hand, an equally-spaced delay set for which and would result in the nonzero values of (40), as shown at the bottom of this page.
The results (37)- (40) imply that with tends to be larger when there exist more common values in the delay differences (that is, when is smaller). With the above observations in mind, we now provide some criteria of selecting and for the CCDS-P. First, when increases, the magnitude of the correlation decreases as but the number of values for nonzero correlation increases. Hence, should be chosen to balance between these two conflicting effects while providing a lower complexity than the LC-SLM. Next, once is determined, should be chosen to have as large a value of as possible for low correlation, and to minimize for a better joint channel estimation.
V. SIMULATION RESULTS
In this section, we investigate the PAPR and coded BER performance of the proposed and conventional schemes when QPSK is employed with and . The PAPR is compared in terms of the complementary cumulative distribution function (CCDF) of the PAPR. Specifically, the CCDF of the PAPR is expressed as and generator for code rate and for code rate . We first compare the CCDF of the PAPR of the CCDS-P for several delay sets in Fig. 4 . For , we consider two equally-spaced delay sets {1,2} and {4,8} (both with ) in addition to {1,3} and {5,15} (both with ). For , we consider two equally-spaced delay sets {1,2,3} and {4,8,12} (both with ), {2,4,8} (with ), and {1,3,7} (with ). For reference, we also consider {1,3,7,12} (with ) for . As expected, the PAPR performance improves as increases. In addition, when the value of is fixed, the PAPR performance is almost the same for delay sets with the same value of , and is better for delay sets with larger values of . This observation supports the selection criteria described in the last paragraph of Section IV. Specifically, we would choose {1,3} or {5,15} over {1,2} or {4,8} when and {1,3,7} (denoted by in Fig. 4 ) over {1,2,3}, {4,8,12}, or {2,4,8} when ; when , we would in turn choose {1,3} (denoted by in Fig. 4 ) over {5,15} since is smaller for {1,3}. Taking into consideration both complexity (the fact that the gain is rather small when increases from 3 to 4) and PAPR performance, would be an appropriate choice. In Fig. 5 , we compare the CCDF of the PAPR for the SLM, LC-SLM, CCDS, and original OFDM without PAPR reduction. We have employed for the CCDS-D and the delay sets chosen in Fig. 4 (that is, those denoted by ) for the CCDS-P. It is confirmed that all the PAPR reduction schemes considered here significantly reduce the probability of high PAPR of the OFDM signal. As anticipated in Section IV, the CCDS-D shows a performance degradation of about 0.3 dB compared to the LC-SLM at the CCDF of ; again, this is a result of allowing more correlation among the signal candidates for lower complexity. Among the proposed schemes, the CCDS-P with shows similar PAPR performance which is better than the conventional LC-SLM and thus the CCDS-P with seems to be most viable owing to its lowest complexity costing only 76% of the LC-SLM. In addition, the CCDS-P with possesses the PAPR close to that of the SLM (within 0.3 dB from the PAPR of the SLM at the CCDF of ) while costing only 10% in the computational complexity of the SLM. The CCDS-D would clearly be another appropriate choice, exhibiting the lowest complexity at a slightly higher PAPR. Fig. 6 compares the coded BER performance of various schemes when the code rate is and 1/3 and the channel model is the ITU-R pedestrian A fading channel. As it is expected easily, the CCDS exhibits a slight degradation in the coded BER performance compared to the SLM and original OFDM due to the SNR variation in the frequency domain. It should nonetheless be noted that the degradation in the BER performance is only about 1 to 2 dB at the BER of while the computational complexity is reduced dramatically to about 10% as we have observed previously. In addition, even at a considerably lower complexity as observed in Section III-C, the CCDS provides coded BER performance similar to that of the LC-SLM.
VI. CONCLUSION
In this paper, we have proposed a low-complexity PAPR reduction scheme called the CCDS. By linearly combining signals delayed cyclically in the time domain, the proposed scheme requires only a single IFFT operation in reducing the PAPR of OFDM signals. Although the proposed scheme performs somewhat worse than the SLM in terms of the PAPR and coded BER performance, the proposed scheme can be implemented with significantly lower complexity than the SLM. In addition, we have observed that the proposed scheme provides PAPR and coded BER performance comparable to those of the LC-SLM at approximately 50% to 76% in the complexity. We believe that the proposed scheme would be quite promising as a low-cost, practically implementable PAPR reduction scheme. This result can also be obtained by applying Parseval's theorem.
Next, recollecting , we have (18) immediately.
